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New Endpoint Control for Small O pen Area bv RF 


Back ground and Summ ar y of the I nvention 

The present invention relates to integrated circuit fabrication, 
specifically to plasma etching processes. 

Background: Plasma Etching 

Integrated circuit fabrication technology has evolved rapidly in 
recent years. The demand for smaller devices has required features in 
wafer fabrication to shrink to extremely fine sizes. Plasma etching has 
grown into one of the more commonly used fabrication processes 
because of its ability to etch small sizes with controllable selectivity 
and anisotropy. 

Simple plasma reactors consist of parallel plate capacitors in a 
chamber that can be maintained at low pressure. A high frequency 
voltage is applied between the electrodes, and current flows which 
dissociates a gas, ionizing a small number of its molecules to form a 
plasma. For most etching processes, the extent of ionization is very 
small, on the order of one particle per 100,000 or 1,000,000. Reactive 
radicals are produced by the electrical discharge. The positive charge 
consists mostly of singly ionized neutrals which have lost a single 
electron. The majority of negative charged particles are free electrons, 
though in very electronegative gases negative ions can be more 
abundant. 

During etching, semiconductor wafers on the electrode surface 
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are exposed to the reactive neutral and charged species. Some of these 
species combine with the substrate material to form volatile products 
that evaporate, etching the substrate while leaving other materials (the 
mask, for instance) relatively unaffected. Plasma etching can thus 
5 selectively remove films while masks and underlying materials are not 
etched. 

Though plasma etching is capable of etching patterns with the 
necessary resolution, the process must be strictly controlled in order to 

produce consistently hig h qualit y patterns. With the rapid decrease of 

10 feature size of semiconductor devices, multi-layer interconnect 
technology becomes both critical to the success of process and design 
n and challenging technologically. Specifically, processes such as oxide 

5 etch should be reliable, have good throughput, and have precisely 

ry controllable performance. 

f * 1 5 Fluorine/carbon based chemistry at low pressure and high density 

CO plasma sources are used to produce higher etch rate and higher aspect 

ratio etch capabilities. In this type of system, F/C ratio is a key factor 
m in etch performance. Etching must last long enough to completely 

II remove the desired material layer, but must not excessively overetch 

S 20 and thus cause damage to underlying structures and materials. 
*" Endpoint detection for etching processes is therefore very 

important. Etching occurs at optimized and balanced levels, and these 
balances can indicate when etching has proceeded to materials beyond 
the intended etch materials. So, for example, when an etchant fully 
25 etches an oxide layer, and begins to interact with the nitride beneath, 
these balances are disturbed. Such changes in the plasma system are 
used to determine the proper time" to cease etching. 
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Endpoint can be determined in a number of ways. One common 
method for determining endpoint is through spectral emissions of 
reactant gases in the plasma chamber. The intensities of spectra emitted 
by the gases change whenever the electrical and chemical conditions in 
the system change. Such changes occur when a desired layer is fully 
etched, exposing the underlying layer. When the etched layer is fully 
removed, its contribution to the system changes, and its spectrum 
intensity reflects this change. By monitoring these spectral emissions, 
an endpoint for etchin g can be dete rmined. However, for small open 
areas, such methods decrease in effectiveness because smaller open 
areas means smaller spectral differences when a particular layer is fully 
etched. Thus the changes in plasma system conditions are more 
difficult to detect using small open area and optical emission spectra. 

Another method of determining endpoint includes monitoring the 
voltage across the sheath region of the plasma. The DC bias changes 
during the resist strip cycle, and reaches a maximum when the etched 
film begins to clear. This type of monitoring usually requires a probe 
placed inside the plasma chamber to measure voltage changes. Such 
probes are not only difficult to include in the process, they alter the 
process themselves and must be accounted for in the plasma system. 
They also share a disadvantage with optical systems in that the etching 
cycle must be completed before the signal for endpoint is generated. 
This increases the risk of overetch. 

Endpoint Control fo r Small Open Area bv RF Source Parameter 

The present application discloses monitoring a DC component of 
the impedance matching network to determine a stopping point for 
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plasma etching. The innovative endpoint detection system operates by 
monitoring the voltage change across a resistor in the matching 
network. The voltage drop in the resistor is proportional to the total 
DC voltage, of the plasma system. Thus changes jn the p Jasma-B€ 
voltage are indirectly monitored to dete rmine an endpoin t for etching. 

This indirect method of monitoring the plasma DC parameters 
allows easier endpoint detection than typical DC bias monitoring 
methods. Instead of in-situ monitoring via probes, a simple voltmeter 
addedJo_&e^atching-circm 

works even for small open area percentages and indicates changes in 
the process earlier than optical emission spectrum endpoint detection 
schemes. 

Advantages of the disclosed methods and structures, in various 
embodiments, can include one or more of the following: 

• endpoints for small open areas may be detected; 

• endpoint signaled before optical emission spectrum signals endpoint; 

• implementation with minor changes to existing systems. 
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Brief Description of the Drawing s 

The disclosed inventions will be described with reference to the 
accompanying drawings, which show important sample embodiments 
of the invention and which are incorporated in the specification hereof 
by reference, wherein: 

Figure 1 shows a plasma etching system for IC fabrication. 
Figure 2 shows a detail of a hole during the etching process. 
Figures 3-5 show graphs comparing optical endpoint detection 
withJVdc_endpQint_detectioiL 
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Detailed Description of the Preferred Embodiments 

The numerous innovative teachings of the present application will 
be described with particular reference to the presently preferred 
embodiment. However, it should be understood that this class of 
embodiments provides only a few examples of the many advantageous 
uses of the innovative teachings herein. In general, statements made 
in the specification of the present application do not necessarily delimit 
any of the various claimed inventions. Moreover, some statements 
may apply to some irrv^tiW"f^rares~burnorto-others- - 

Figure 1 shows a plasma etching system 100 for semiconductor 
wafers. The system includes an RF source 102 powering a plasma 
etching system 104. An impedance matching network 1 06, consisting 
of variable capacitors 10 8, 110 and resistorsjl2, 114,JL16, connects 
the s_poiixe-4^^o^e^lasma^y^te«^t04. The plasma system 104 
includes t wo electrq des 118, 12 0 in a chamb er. 

During fabrication, a wafer 122 is placed on electrode 120. The 
wafer 122 has a resist mask of a pattern to be etched. The RF source 
102 applies an alternating electric field to the gas in the chamber, 
varying the voltage of the plates 118, 120. This causes the gas to go 
plasma (with the addition of a process gas). The plasma etches the 
surface of the wafer 122. 

In order to maintain maximum power output, the matching 
circuit 106 is used to match the impedances of the RF source 102 and 
the plasma system 104. 

The circuit in Figure 1 shows how the Vdc signal from the 
plasma" system is measured. Any shift in chamber condition, either 

Texas Instruments Page 6 TI-29593P 


electrical or chemical, will cause a resulting change in the matching 
network 106. Such changes will cause the matching circuit 106 to 
adjust its C 1 and C2 settings to match the shift and minimize the 
reflected RF pow er. Thus changes in plas ma paramete rs are reflected 
in the impedance and phase of the RF system, including the matching 
network 106. 

fvN As etdhing proceeds, the DC voltage across the plasma system 
^changes 104. Vhis DC shift is caused by both a change in thejheatlj 
voltag e and b y chan g e in the thickness of the oxide layer that is being 
etchg4^R e f er to figure 2. A mask 200 covers an oxide layer 202 to 
control etching onthe oxide. Beneath the oxide layer is a nitride layer 
204, followed by a substrate 206. As the oxide layer 202 becomes 
thinner, the charge 208 deposited on the surface of the etched oxide 
202 attracts charge 210 from the far side of the nitride 204 to form a 
capacitance. As the oxide layer 202 thins, this capacitance changes. 
The change in the system is reflected in the voltage across resistors 
within the matching circuit that are connected between the high node 
of the plasma chamber arm ground. 

It is believed to be particularly advantageous t o measure the DC 
voltage from-a-iesis tor rather than from a capaci tor. Discrete resistors 
normally include a substantial parasitic inductance. (By contrast, in a 
discrete capacitor, any inductive reactive component due to the 
parasitic inductance of leads or wiring will be cancelled by the 
capacitive reactance.) 

In Figure 1, two resistors 114, 116 are, shown between node A 
and ground. Since endpoint is signalled by a relative in change of Vdc, 
a voltage drop across either or both resistors 114, 116 will serve as an 
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endpoint detection signal. A simple multimeter (not shown) can thus be 
used to detect endpoint without adding hardware or the need for a 
probe within the plasma system itself. 

This innovative method of endpoint detection shows significant 
change in the measured Vdc parameter even with small percentage 
open areas. Also, early endpoint detection is possible because the 
capacitance of the plasma model depends on the thickness of the oxide 
layer. Since the endpoint signal relies on an indicator that shows 
-change_before_the_etcte 


10 detection can be signaled before etching is complete. 

Experimental Results 

Experimental data were gathered using DRM (dual-plate rotating 
magnet) chambers on TEL Unity II Frame. The chamber is equipped 
H with SiC focus ring, slit baffle, and lower pressure monitor. Plasma 

CO 15 parameters are measured by measurements circuits within the 

PI: 

^\ matchbox. In the preferred embodiment fluorine/carbon based 

g chemistry, such as CO/C 4 F 8 /Ar or C 4 F 8 /CHF 3 /0 2 /Ar, is used because 

cij carbon and fluorine concentration can be tuned easily across a large 


O ran § e - 

^ 20 The pilot wafers used in the experiment had a structure of 

PSG/Nitride stack with contact pattern and open area percentages of 
10%, 4%, and 1%. A 30 nm nitride stop layer is beneath 6.5K PSG 
(phosphorous-doped silicate glass) film. High nitride selectivity 
(Oxide:Nitride = 7:l) is used to prevent extensive etching of the nitride 
25 layer. 

Figures 3-5 show the signals for both optical emission spectrum 
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and Vdc endpoint detection. Both curves are normalized, and smooth- 
ing techniques have been applied to the OES signal but not to the Vdc 
signal. 

Measuring the end point through monitoring Vdc shows the same 
trends as appear in optical methods. In Vdc monitoring, the endpoint 
step is triggered by a change in voltage drop across a resistor posi- 
tioned to meas ure total DC volt age drop across the plasma system. 
Since this change in the plasma system occurs before the change 
j;ausing_emis.sio^ 


10 endpoint detection before optical methods. 

The change in Vdc output as measured from the matching circuit 
occurs before the optical emission change because different mechanisms 
in the plasma system cause the changes. For optical emission spectra 
to change, the actual material that is being etched changes because the 
15 oxide layer has been breached and the underlying nitride layer adds its 
material to the reacting gases in the plasma chamber. 

As can be seen from Figure 3, the emission spectrum for optical 
endpoint detection is a much smoother curve, and a sharp decrease is 
found at approximately 80 seconds. The Vdc data produce a less 
*.* 20 smooth plot, but a clear drop is seen ahead of the optical endpoint 
^ indication, as early as 65 seconds. 

The OES endpoint detection is shown as intensity ratios of 
emission spectra from CO and SiF. When the etch front reaches the 
nitride layer, CO increases and SiF decreases, causing a change in the 
25 intensity ratio. This change is seen on the graph as a drop at about 80 
seconds on Figure 3. A 5% step drop in the signal is seen on a 10% 
open area sample. As open area decreases, the signal-to-noise ratio gets 
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worse as seen in Figures 4 and 5. Figure 4 used a sample with open 
area of 4% and Figure 5 used an open area of 1%. The signal 
indication is difficult to read at smaller open areas and OES is difficult 
to use as endpoint control for open areas of 1 % . Smoothing techniques 
5 near their limits for OES signals. 

The signals for both OES and Vdc endpoint detection decrease 
in step size with decrease in open area. With large open area (greater 
than 10%) the chemistry in the chamber changes significantly when the 

ojddeJay_exjs_finally^ 

10 The electrical properties of the plasma adjust to reflect this change, and 
the matching circuit therefore also shows significant change. With 
decreasing open area, the changes become smaller. The reason for this 
2 is because the plasma electrical properties are strongly a function of the 

i[| reactive chemical species. With smaller open areas, the reactive species 

I y 

H 15 concentrations differ less when layers are fully etched. 
in Charging of the nitride layer as the oxide layer thins enhances 

* u the Vdc signal, but not the optical signal. Therefore measuring Vdc 

O will allow endpoints for smaller open areas to be detected. The plots 

g also show that the change occurs prior to completion of oxide etching, 

^ 20 allowing proactive endpoint triggering. 

^ The step in Vdc ends before the beginning of the optical signal, 

showing that Vdc signals before the etch reaches the nitride layer. Vdc 
signal begins when there is about 50-80 nm oxide thickness remaining. 
Note that the measurement of the DC voltage across the plasma 
25 system is not necessarily dependent on the impedance matching circuit. 
The resistor could be placed outside the matching box to directly 
measure the voltage drop from a node common to the^top (ungrounded) 
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plate of the plasma system to ground. Also since only relative voltage 
drop need be determined, one of several such resistors in series from 
the top node of the chamber to ground could be measured to give the 
endpoiht signal. 


Definitions: 

' Following are short definitions of the usual meanings of some of 
the— teehfiieai— terms— which— are— used— ^in— the- ^present— application^ 
(However, those of ordinary skill will recognize whether the context 
requires a different meaning.) Additional definitions can be found in 
the standard technical dictionaries and journals. 

OES: Optical Emission Spectrum. This is a method of endpoint 
detection based on measuring the emission spectra of etchants, etch 
products, or their fragments. Optical instruments are set to detect a 
spectral line of interest and track its intensity during an etch cycle. 
Endpoint is determined by a particular shift in intensity. 

Matching Circuit: A circuit that matches the source and load 
impedances to maintain optimum power output. 
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Modifications and Variations 

As will be recognized by those skilled in the art, the innovative 
concepts described in the present application can be modified and 
varied over a tremendous range of applications, and accordingly the 
scope of patented subject matter is not limited by any of the specific 
exemplary teachings given, but is only defined by the issued claims. 

IheJmo:/atioiis_oil^ 


by measuring the relevant voltage of the plasma chamber in other 
ways. For instance, a resistor outside the matching network can also 
give the necessaixvoltage change and indi cate endpoint_f or the ejcL 


1 Similarly, other embodiments of the present application's 
teachings may include measuring voltage drop across other elements of 
the matching network, or across other elements that are in contact with 
the system, provided they give an indication of DC voltage changes 
within the plasma system. For instance, DC^ yoltage drop may be 
meas^djj^ to gro und, or across^ejements other than 

resistors. 


L The present innovations may also be used to indicatej^ 
jn etch paramete r n ot just the proper time to stop the etch. Where 
successive etches or stack etches are performed and require distinguish- 
ing between levels of material, the different phases of such etching may 
be determined by the innovative methods of the present application. 
Other pro cess parame ters that must be detected and which are 
detectable in the presently disclosed innovative way are also within the 
contemplation of the present application. 
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Additional general background, which help to show the knowl- 
edge of those skilled in the art regarding variations and implementa- 
tions of the disclosed inventions, may be found in the following 
documents, all of which are hereby incorporated by reference: 
Coburn, Plasma etching and reactive ion etching (1982); 
Handbook of plasma processing technology (ed. Rossnagel); 
Plasma Etching (ed. Manos and Flamm 1989); Plasma Processing 
(ed. Dieleman et al. 1982); and the semiannual conference proceedings 
of-the^eetroehemiea^ 
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